The focus of present study is to explore cotton stalk as potential source for bioethanol production. In this context, cotton stalk was subjected to series of treatment includes dual stage acid hydrolysis, followed by detoxification and fermentation subsequently. 
Over the last few decades, progressive energy demand, inevitable depletion of fossil reservoir, negative impact of fossil fuel and consequent of greenhouse gasses; diverts the concentration of research towards an alternative energy sources. Many alternative fuel sources have been explored, and among them production of fuel ethanol from biomass seems to be an interesting alternative to traditional fossil fuel 1 . Ethanol can be produced from variety of biomasses and among them; lignocellulosic biomass is a plentiful and economical resource for fermentable sugar that can serve as a source for ethanol production on a large scale 2 
.
Global cotton production during has been estimated at 23.68 million metric tons. According to United State Department of Agriculture (USDA), India is expected to emerge as largest cotton producer in the world, estimated cotton area in country in 2015-16 (August to July) is 11.26 million hectors and cotton production is estimated as 6.3 million metric tons 3 . The lignocellulosic nature and potential availability of cotton stalk open its way as renewable raw material for various commercial applications including ethanol production 4 . Prior to ethanol fermentation by organisms; the feedstock needs to be process by scarification technology in order to retain fermentable sugars. In this regards acid hydrolysis is consider as simple and easy method to perform and is prominently used for depolymerization of biomass into fermentable sugar. However, the acid hydrolysis of lignocellulosic biomass was carried out in two stages including concentrated acid decrystallization followed by dilute acid hydrolysis with steam and heat treatment 5 . Detoxification of acid hydrolysate was the next key step in series after hydrolysis. Since no separate delignification prior to acid treatment; and acid hydrolysis itself generates toxic compounds which negatively impact on fermentation process. To overcome these inhibitors, detoxification with over liming followed by charcoal treatment was applied on hydrolysate 6, 7 . The obtained hydrolysate of cotton stalk used as sole source of carbon (containing both hexose and pentose) for bioethanol production by using co culture of Saccharomyces cerevisiae and Pachysolen tannophilus (pentose fermenting yeast) 8, 9 . Saccharomyces cerevisiae is the main species of yeast employed for ethanol production at industrial level since this microorganism is easy to handle, shows no high nutritional needs, can easily withstand 10-15 % ethanol 10 . Its robustness makes it a suitable organism for fermentation of lignocellulosic hydrolysate. However, the main disadvantage of this organism is lacking of mechanisms to take up pentose sugars as substrate. Therefore, Pachysolen tannophilus is used as pentose fermenting organism in co culture fermentation. Pachysolen tannophilus was the first yeast identified to have a significant capacity to convert xylose to ethanol. It ferments glucose, mannose, xylose, galactose, and even glycerol to ethanol except L-arabinose 11 . Physiological behavior of Pachysolen tannophilus for ethanol production was quite different from Saccharomyces cerevisiae. It was revived that Pachysolen tannophilus first assimilate D-glucose before xylose, until total consumption and exhibits diauxic lag in growth and fermentation process. This suggests that, glucose repress induction of xylose reductase, xylose dehydrogenase and perhaps other enzyme involve in xylose metabolism. The cell cannot metabolize the xylose until they have consumed the glucose and before complete consumption small concentration of D-glucose disappears the blocking of xylose metabolism 12 . Despite lots of research available for the conversion of pentose sugars into ethanol by Pachysolen tannophilus, it is still challenging to get the desired yield of ethanol utilizing pentose sugars at large scale 13 .
The main objective of the present study was to optimize different bioprocess parameters including, temperature, pH, aeration, agitation, inoculum size, and optimum time require for fermentation process using co culture of Saccharomyces cerevisiae and Pachysolen tannophilus, to achieve maximum ethanol concentration from cotton stalk hydrolysate. Moreover, work has also been performing in a direction to make a comparative account in between mono culture and co culture fermentation.
MATERIALS AND METHODS

Raw Material
The cotton stalk of spp. Gossypium hirsutum NHH44 used in this research work was collected from the field of Marathwada region. The unwanted residues removed mechanically by shredding with knife, sundried, debarked, bailed and ground to 1 mm particle size and stored in tightly sealed plastic bags at room temperature for further studies.
Microorganism
The lyophilized cultures of Saccharomyces cerevisiae MTCC 36 and Pachysolen tannophilus MTCC 1077 were procured from Microbial Type Culture Collection, IMTECH-Chandigarh, India. The cultures were activated and maintained on Yeast and Malt Extract Agar (YM medium). The medium was prepared by adding 0.3 % yeast extract, 0.3 % malt extract, 0.5 % peptone and 1 % glucose in distilled water. pH of the medium was adjusted to 6.5.
Compositional analysis
Holocelluloses, alpha cellulose and klason (acid insoluble) lignin content were determined by method adopted by Teramoto et al. 14 . Ash and moisture content of sample was determined by Laboratory Analytical Procedure number 001 (LAP # 001) and 005 (LAP # 005) respectively, from National Renewable Energy Laboratory (NREL) protocol. The individual monomer carbohydrate content was determined by the method of LAP # 002 of NREL using HPLC (Zodiac. Ltd), equipped with sugar monosaccharide column with RI detector (25 cm × 4.6 mm) using degassed Milli Q water as mobile phase in CFRD (Central Facilities for Research and Development) laboratory of Osmania University, Hyderabad, India.
Acid hydrolysis
Cotton stalk was subjected to dual stage sulfuric acid treatment. During its first stage 75 % H 2 SO 4 was used to decrystallize the biomass under specific sample acid ratio of 1:2 (by weight) at 4 o C followed by dilution up to 1 N in second stage, then employing steam under pressure at 121 o C in an autoclave for 30 minutes and four hour heat treatment at 90 o C in water bath. During overall process aliquots were taken at regular interval of time for analysis of total fermentable sugars and glucose content by DNSA and GOD-POD method respectively 15 .
Neutralization and detoxification
The acid hydrolysate of cotton stalk was detoxified by addition of dried lime up to pH 10 for an hour and then filtration and by readjustment of pH up to 6 with acid. This is followed by 4 % (w/v) charcoal treatment for half an hour with stirring and filtered. Aliquots were taken after each treatment and were checked for sugars, furans and phenolics. The detoxified hydrolysate was then used for fermentation studies 16 .
Fermentation studies Inoculum development Preparation of cell mass
Cell mass required for inoculum development was obtained by growing each culture separately on YM medium in Erlenmeyer flask aerobically at 30 ºC on rotary shaker incubator with 150 rpm for 48 h. After incubation, completely activated yeast cells were harvested by centrifugation with 4000 rpm at 4 ºC for 10 min, repeatedly washed with distilled water and used as cell mass for inoculum development.
Inoculum preparation
Inoculum was prepared in detoxified hydrolysate solution of cotton stalk, supplemented with 0.5 % yeast extract, 1 % peptone and pH was adjusted to 5. . Flasks were sealed with aluminum foil for development of anaerobic condition required for ethanol production and incubated at 30 ºC on rotary shaker incubator with 100 rpm for first 18 h for utilization of oxygen in flask and then in static mode for 72 h. No air was supplied externally during process.
Parametric optimization of co culture
The different parameters evaluated in the current study were temperature, pH, aeration, inoculum size, agitation, and optimum time period for maximum ethanol production. Temperature and pH were optimized by varying it from 20 o C to 40 o C, and 4.0 to 6.5 respectively. Aeration level was optimized by following the method described by Chandel et al. 19 . In this process 250 mL of Erlenmeyer flasks were used for fermentation, and categorization was made as; Highly aerobic (50 mL of fermentation medium), Aerobic (100 mL of fermentation medium), Semi aerobic (150 mL of fermentation medium), Semi anaerobic (200 mL of fermentation medium), Anaerobic (250 mL of fermentation medium). Inoculum size was adjusted by varying the concentrations of co-culture form 6 % to 16 % (v/v). The agitation rate was optimized by stirring the flasks by varying the rotation speed from 60 rpm to 160 rpm on rotary shaker incubator followed by stirring the flasks from zero hour to 48 h with pre optimized agitation speed. Finally the optimum time period for fermentation was evaluated by keeping the entire obtained parameters constant and running the experiment up to 96 h.
Comparison of ethanol production by monoculture and co culture fermentation
The comparative account was studied to evaluate the efficiency of each culture i.e. Saccharomyces cerevisiae and Pachysolen tannophilus separately and combination of both.
Analytical methods Determination of Cell mass
Sample obtained during fermentation was transferred to pre weighted centrifuged tube and were centrifuged at 10000 rpm for 10 min at 4 ºC. The supernatant was collected and analyzed for concentration of ethanol and residual sugars in broth while pellet was repeatedly washed with distilled water and dried in hot air oven at 60 ºC till constant weight. The difference between initial and final weight was recorded as cell biomass and expressed in g/L 20 .
Sugars estimation by 3, 5, Di nitro salicylic acid (DNSA) method
The DNSA method of Miller, 21 was adopted to quantify the amount of reducing sugars present in the sample.
Glucose estimation by GOD-POD method
Glucose oxidase method is an enzymatic assay for determination of glucose present in solution. The analysis was performed by following the guideline given by Bergmeyer et al. 22 .
Determination of phenolic compounds
Total content of phenolic compound in hydrolysate was determined by Folin-Ciocalteus (FC) method 23 .
Furans estimation
Furans (furfural and hydroxy methyl furfural) were estimated with spectophotometric method as described by Martinez et al. 6 .
Ethanol estimation by Gas Chromatography (GC)
Ethanol estimation was carried out after each experiment by taking part of supernatant of fermentation broth and filtered by 0.22 µm cellulose acetate filter for analysis by Gas Chromatography (Shimadzu Japan). All analysis was carried out according to NREL procedure LAP # 011, using ZB-Wax column (30 mm × 0.25 mm) with Flame Ionization Detector (FID) 17 .
Fermentation efficiency
Fermentation efficiency was calculated as
Practical yield of ethanol Fermentation efficiency = x 100 Theoretical yield of ethanol Practical yield is the ethanol produced and theoretical yield is 0.511 gram per gram of sugar consumed.
Cell density
Cell density was measured turbidometrically at 600 nm by using UV-VIS spectrophotometer.
RESULTS AND DISCUSSION
Chemical composition of cotton stalk
The major components of any lignocellulosic materials are cellulose, hemicellulose and lignin and their concentration varies depending on growing location, season, harvesting methods, as well as analysis procedures 24 . Cotton stalk used in the current study found to contain 24.18 % of klason lignin, 3.05 % of moisture, 0.95 % of ash and 65.32 % total holocellulose in which 40.60 % ±-cellulose was detected. The results obtained in the current study are similar to the results of Silverstein et al. 25 ; reported 30 % cellulose, 13 % hemicellulose and 31 % lignin in cotton stalk. Moreover, carbohydrate analysis by HPLC in the current study showed 42.40 % glucan and 23.20 % xylan is present in cotton stalk whereas, Binod et al. 26 reported 33.3 % glucans and 14.8 % xylan along with very small proportion of arabinan in the cotton stalks. Literature reports indicate that the lignin content of herbaceous plant materials were ranges from 10 % to 20 %, for hardwoods it ranges from 18 % to 25 % and soft wood contains 26 % to 34 %. Moreover, 40 % to 55 % of total lignin is only present in bark of soft wood 27 . In present investigation, klason lignin was reported to be less as expected which might be due to debarking of cotton stalk before use. Above finding concluded that, in cotton stalk, glucan is the dominant polysaccharide and xylan is identified as the second most abundant sugar.
Acid hydrolysis of cotton stalk
The effect of acid on cotton stalk was studied by performing two-step acid treatment including concentrated acid decrystallization followed by dilute acid hydrolysis. Cotton stalk when treated with 75 % (v/v) sulphuric acid for decrystallization under specific sample acid ratio of 1:2 (by weight) at 5 yielded glucose at a yield of 84 % and hemicellulose at a yield of 80 % from fibers of dairy manure by using 75 % (v/v) H 2 SO 4 and upon results he reported that acid concentration was the most important factor to alter the sugar components (cellulose and hemicellulose) in dairy manure. The similar results were also reported by Romero et al. 28 , yielded 92 % hemicellulose fractions from dilute acid hydrolysis (0.75 N) of olive tree pruning.
Neutralization and detoxification
The byproducts of hydrolysis such as furans and phenolics were also formed with a concentration of 1.971 mg/L and 4.909 g/L respectively. Fermentation using these inhibitors is characterized by slow kinetics, with limited yield and productivity. To overcome this problem, the obtained hydrolysate was over limed which gives maximum reduction in furans from 1.971 mg/L to 0.312 mg/L (84.17 % reduction), while comparatively less amount of phenolics were reduced i.e. from 4.90 g/L to 4.18 g/L (14.68 % reduction) as shown in Fig. 1 . It was noticed that over liming has drastically affects the furans reduction while other inhibitors such as phenolics are comparatively less affected by it as was already reported by Martinez et al. 6 . After over liming, efforts were taken to remove phenolics compounds by exposing it with activated charcoal and resultant data showed that the concentration of phenolics were removed from 4.181 g/L to 0.545 g/L (86.97 % reduction). These findings were also in agreement with Miyafugi et al. 29 . No doubt 19.84 % of total fermentable sugar (in which 15.49 % glucose was present) losses were also be reported during the process. The detoxified hydrolysate achieved having sugar concentration of 11 g/L corresponds to a yield of 0.396 g/g of biomass, is then exposed to fermentation for ethanol production.
Fermentation studies Effect of temperature
Temperature variations are gradually influence on ethanol production by affecting cell metabolism. During first stage of parametric optimization, suitable temperature condition was evaluated by producing ethanol at various temperature conditions, ranging from 20 o C to 40 o C by keeping all parameters constant including pH 5.5, agitation rate 100 rpm for first 18 h and 10 % inoculum level. The results obtained (Table 1a) shows that ethanol concentration was increased with increase in temperature 
Effect of pH
Yeast has an ability to maintain a relative stable pH, which in turn leads to inactivation of toxic compound in the hydrolysate 31 . Therefore in the present study ethanol production, yield and fermentation efficiency was calculated at various pH ranging from 4 to 6.5 at optimized temperature of 30 o C. The results obtained shows that, as pH increased both sugar utilization and ethanol productivity also increases and was detected from pH 4.0 (1.16 g/L), gives 0.042 g/g of biomass, 0.065 g/g of holocelluloses and 0.104 g/g of fermentable sugar yield which corresponds to 20.47 % fermentation efficiency and continued to increase up to pH 5.5 and then gradually dropped till pH 6.5 (Table 1b) . From the results obtained it was observed that pH 5.5 was found to be an optimum pH for both growth of yeasts and fermentation of cotton stalk hydrolysate, which shows maximum ethanol concentration of 4.47 g/L, with a yield of 0.161 g/g of biomass (native cotton stalk), 0.250 g/ g of holocelluloses and 0.402 g/g of fermentable sugar by consuming 91.45 % of total available sugar with a fermentation efficiency of 78.88 %. These findings were also an agreement with Chandel et al. 19 9 who reported that pH 6 and 5.5 were found to be optimum pH for Pachysolen tannophilus and Saccharomyces cerevisiae respectively.
Effect of aeration
The growth of Saccharomyces cerevisiae and other yeasts require certain supply of elemental oxygen in order to synthesize unsaturated fatty acid (glycerol) and sterols, which are important constituents of its cell envelop. However if oxygen is provided too much, ethanol yield would decrease sharply because of aerobic respiration by consuming more glucose to produce CO 2 and H 2 O 32 . Therefore, as reported by Chandel et al. 19 , different modes of aeration conditions were applied, include highly aerobic, aerobic, semi aerobic, semi anaerobic and anaerobic conditions. The results obtained are presented in Table 1c , shows that in highly aerobic flask, where media was comparatively minimum, respiratory activity was maximum with more than 95 % sugars were consumed while in contrast low concentration of ethanol was detected i.e. 1.80 g/L, corresponding to yield of 0.065 g/g of biomass, 0.101 g/g of holocellulose and 0.162 g/g of fermentable sugar. As the medium increases (aerobicity decreases) ethanol yield and cell growth were increased and maximum fermentation activity was observed in semi aerobic flask producing 4.77 g/L of ethanol, corresponding to yield of 0.172 g/g, 0.267 g/g and 0.429 g/g of native cotton stalk, holocellulose and available sugar for fermentation respectively with 84.17 % of fermentation efficiency and 91.45 % of sugar was consumed. While in an anaerobic flask respiratory activity and metabolite production both were decreased. In case of aeration, our findings were also supported by Gaber, 33 reported significance increase in ethanol fermentation up to 16 % from 35 % sucrose by supplying small amount of air (150 dm 3 min -1 m 3 of reactor volume). Moreover, Converti et al. 34 , reported that though Pachysolen tannophilus which is having strong affinity towards xylitol production in micro aerophilic condition, this semi aerobic mode also favoring ethanol fermentation due to submerged fermenting and surface fermenting nature of Pachysolen tannophilus and Saccharomyces cerevisiae, respectively.
Size of inoculum
An inoculum concentration does not influence the final amount of bioethanol production. However, it affects the duration of fermentation process. If the cell concentration is below certain critical value, pronounced lag phases and massive cell death will occur. In this regard various levels of co culture inoculum has been exposed which ranged from 6 % (v/v) to 16 % (v/v) and results were shown in Table 1d . Inoculum levels were prepared by using fixed ratio of both cultures including 60 % Saccharomyces cerevisiae and 40 % Pachysolen tannophilus for co-culture fermentation. The amount of sugar consumed and ethanol produced increased linearly with increase in initial concentration from 6 % to 12 % (v/v) of inoculum and no significant change was observed thereafter. Maximum yield and concentration of ethanol was recorded at 12 % inoculum concentration which gives an ethanol concentration of 4.72 g/L corresponds to a yield of 0.170 g/g of biomass (native cotton stalk), 0.264 g/ g of holocelluloses present in cotton stalk and 0.425 g/g of fermentable sugar, showing fermentation and sugar consumption efficiencies of 83.29 % and 92.90 % respectively. Interestingly, this concentration is statistically at par with 10 % inoculum level, yielded ethanol of 0.168 g/g of biomass, 0.262 g/g of holocelluloses and 0.421 g/g of fermentable sugar, which reflecting 82.59 % fermentation efficiency and 92.36 % of total sugar was consumed. Therefore, on the tune of statistical significance, the optimum inoculum concentration for ethanol production from cotton stalk hydrolysate was decided as 10 % (v/v). These findings were supported by Sharma et al. 8 showed 
Effect of agitation
Agitation is the most significant factor to improve ethanol concentration and yield. It was reported that compared to static culture, agitation led to 69 % increase in ethanol titer 32 . Therefore, in the present study different stirring rates (agitation) were checked, ranging from 60 rpm to 160 rpm separately for first 18 h and then kept in static mode for 48 h. The results obtained (Table  1e) shows that, regular increase in ethanol production with increase in agitation from 60 rpm to 120 rpm observed and there after it decreased. The maximum ethanol production was found to be 4.92 g/L at 120 rpm, yielding ethanol of 0.177 g/g of biomass, 0.275 g/g of holocellulose and 0.443 g/g of fermentable sugar with fermentation efficiency and sugar consumption of 86.82% and 92.42% respectively. Agitation for sufficient time is also the most important factor of fermentation process, therefore second setup of agitation was run by stirring for different time period ranging from zero hour to 48h separately with fixed stirring rate speed of 120 rpm. The highest ethanol concentration and fermentation efficiency recorded with 24 h of agitation i.e. 4.93 g/L and 87% respectively, with ethanol yields of 0.177 g/g of biomass, 0.276 g/g of holocellulose and 0.444 g/g of fermentable sugar (Table 1f ). The present investigation reported that compared to static mode (counted as zero hour of agitation), optimized agitation led to 43 % increase in fermentation efficiency. As the agitation time increased above mentioned level, ethanol concentration was decreased without significantly affecting the sugar consuming level i.e. 93.81 %. These findings elaborated that, 24 h agitation time was suitable for maximum ethanol production. Appropriate amount of dissolved oxygen made yeast physiologically healthy and became productive; however, excess oxygen in the fermentation medium could lead to increase cell growth at the cost of ethanol productivity as was . Sugar consumption and fermentation efficiency (%) during ethanol production using co culture of S. cerevisiae and P. tannophilus noticed by Lin et al. 35 . Therefore excess agitation time could not significantly affect for improvement of ethanol concentration.
Fermentation time
The optimum time period for maximum ethanol production was evaluated by applying the information generated during parametric optimization of batch fermentation. During time optimization separate flask was used for each time period of fermentation, so as to maintain an ideal environmental condition during fermentation process. The results obtained indicated that, during first 6 h of inoculum addition no ethanol production could be detected while it commenced from 12 h onwards and steadily increased up to 48 h. Simultaneously cell mass concentration was increased continuously up to 96 h of fermentation (8.11 g/L) but no significant change was observed after 36 h (Table 1g ). About 94% of available sugar was consumed in 48 h and resulted in 4.96 g/L of ethanol production was recorded with a fermentation efficiency of 87.52 %. The ethanol yield was recorded as 0.179 g/g of biomass, 0.278 g/g of holocellulose and 0.446 g/g of fermentable sugar. Our results are in similar lines to the work of Qian et al. 36 who reported that fermentation of detoxified hydrolysate of softwood by adapted coculture of Saccharomyces cerevisiae and Pachysolen tannophilus generated an exceptionally high ethanol yield on total sugar of 0.49 g/g, corresponds to 96.1 % of the maximal theoretical value after 48 h of incubation.
Comparison of ethanol production by monoculture and co culture fermentation
The feasibility of ethanol production from monocultures and co-culture fermentation was studied, to evaluate the efficiency of each culture i.e. Saccharomyces cerevisiae and Pachysolen tannophilus separately and combination of both. All these experiments were conducted using pre optimized parameter. From the results obtained it was observed that maximum ethanol production (Table 2a) . Simultaneously cell mass concentration was also increased up to 36 h of incubation (7.92 g/L) and thereafter no significant change was observed with 70.22 % sugar utilization. However, fermentation efficiency was low i.e. 64.59 %, which might be due to most of pentose sugar (xylose) left unfermented by Saccharomyces cerevisiae as cotton stalk hydrolysate contains both xylose and glucose.
During second set of experiment with Pachysolen tannophilus as a monoculture, the first significant upliftment in ethanol concentration was observed at 48 h of incubation i.e. 2.28 g/L with a yield of 0.082 g/g of biomass (0.128 g/g of holocelluloses and 0.205 g/g of fermentable sugar) and after that a diauxy was observed in between 48 to 72 h of incubation and at 72 h, and then sudden increase in ethanol concentration was noted i.e. 3.24 g/L, corresponds to a yield and fermentation efficiency of 0.117 g/g of biomass, 0.182 g/g of holocelluloses, 0.291 g/g of fermentable sugars and 57.17 % respectively and then slightly declined (Table 2b) . Simultaneously cell mass concentration was also increased up to 72 h of incubation (7.87 g/L) and thereafter no significant change was observed with more than 91 % sugar unitization were noted. As can be seen that the substrate consumption rate was quite high and can ferment both xylose and glucose in contrast with S. cerevisiae, concentration of ethanol was not significantly increases which might be due to simultaneous production of xylitol. This is because of semi aerobic nature of fermentation, which provides the microaerophilic environment to cell, as was also observed by Converti et al. 34 . The similar trends in term of ethanol yield and fermentation efficiency of Saccharomyces cerevisiae and Pachysolen tannophilus was also observed by Sathesh-Prabu, and Murugesan, 9 reported 0.28g and 0.34g per gram of fermentable sugar with fermentation efficiency of 55.78 % and 67.73 % respectively.
On the other hand batch fermentation of ethanol using co-culture of Saccharomyces cerevisiae and Pachysolen tannophilus produced maximum ethanol of 4.96 g/L at 48 h of incubation corresponding to ethanol yield of 0.446 g/g of fermentable sugar (0.179 g/g of native cotton stalk) with fermentation efficiency of 87.52 % which is comparatively higher than mono culture fermentation (Table 3) . The obtained findings elaborated that in co-culture fermentation, sequential consumption of two main sugars occurs and during process once glucose is consumed, no lag phase is detected and substrate uptake continue by using the rest of sugars, as was also observed by Romero et al. 28 .
CONCLUSION
Attempts have been made to optimize bioprocess parameters of cotton stalk hydrolysate using co-culture of Saccharomyces cerevisiae and Pachysolen tannophilus. The maximum ethanol production was recorded as 4.96 g/L with fermentation efficiency of 87.52 %. The yield was recorded as 0.179 g/g of biomass, 0.278 g/g of holocelluloses and 0.446 g/g of sugar available for fermentation. Thus study proves that cotton stalk serve as potential, renewable and low cost feedstock for ethanol production at batch level. However, the continuity of this work is necessary for development of ethanol production at commercial level.
